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Development of phosphor scintillator-based detectors for soft x-ray
and vacuum ultraviolet spectroscopy of magnetically confined
fusion plasmas

V. A. Soukhanovskii,? S. P. Regan,” M. J. May,® M. Finkenthal,¥ and H. W. Moos
Plasma Spectroscopy Group, Department of Physics and Astronomy, The Johns Hopkins University,
Baltimore, Maryland 21218

Specialized soft x-ray and vacuum ultraviolefUV) diagnostics used to monitor impurity
emissions from fusion plasmas are often placed in a very challenging experimental environment.
Detectors in these diagnostics must be simple; mechanically robust; immune to electromagnetic
interference, energetic particles, and magnetic fields up to several tesla; ultra-high-vacuum
compatible; and able to withstand bakeout temperatures up to 300°C. The design and the
photometric calibration of a detector consisting of a P45 phosphe©4{S:Th), two incoherent
fiber-optic bundles coupled with a vacuum feedthrough fiber-optic faceplate, and a photomultiplier
tube(PMT) are reported. We have successfully operated the detectors of this type in novel soft x-ray
and VUV diagnostics on several fusion plasma facilities. Measurements of the visible photon
throughput of the silica/silica incoherent fiber-optic bundle, and the light loss associated with the
coupling of the two fibers with the faceplate are presented. In addition, improved absolute
measurements of the conversion efficiency of the PA5/PMT photodetector based upon the use of a
PMT with a bialkali photocathode instead of a multialkali one are presented for the soft x-ray and
VUV range of photon wavelengths. The conversion efficiency is defined as the ratio of the
photoelectrons ejected from the photocathode of a visible detector, which are excited by the
scintillated photons that are emitted from the phosphor in a solid angle,dbzhe number of soft

x-ray photons incident on the phosphor. Sensitive electronic gain measurements of the PMT using
the visible scintillated light from the P45 phosphor are compared with the gain measurements
supplied by the manufacturer of the PMT, which were performed with a tungsten filament lamp
operate at 2855 K.

I. INTRODUCTION plasma facing components were achieved in radiative di-

- . . vertor experiments with nitrogen injections in the Alcator
A detector comprising a phosphor scintillator acting as & _Mod tokamak diverto?

wavelength shifter and a visible light detector, such as a pho- . . . .
9 9 b In this article, we discuss a design of the detector and

tomultiplier tube (PMT), is commonly used in x-ray, soft = . ;
x-ray, and vacuum ultraviole/UV) spectroscopy of high- present efficiency measurements of its components: an inor-

temperature plasmig In this article, we describe the detec- ganic phosphor scintillator, a visible light extraction line, and
tors developed by our group for soft x-ray and VUV diag- @ PMT. The requirements to the detectors are very stringent:
nostics used to monitor impurity emission in magneticallythey must be mechanically robust, and immune to electro-
confined fusion plasma devicétokamak$.3~’ The instru- magnetic fields, energetic particles, and high-energy photons.
ments, typically, operate in very harsh environments, somel some parts of the detector system share tokamak vacuum,
times in close proximity to the plasmas. An example of anthey must be ultra-high-vacuufyHV) compatible and be
instrument with a phosphor/PMT detector is shown in Fig.able to withstand bakeout temperatures 150—300 °C. Detec-
1° A shoebox footprint extreme ultravioléXUV) mono-  tor merits are determined by its temporal responsivity and its
chromator was developed for monitoring th&/ emission at  conversion efficiencyCE). The former is determined by the
162 A originating from the Alcator C-Mod tokamak divertor nhasphor intrinsic properties, namely, the fluorescence and
region. Improved plasma confinement, reduction of core iMygergi0w times. The detector conversion efficiency is de-
purity content, and reduction of thermal load on OIIVertorfined as the ratio of the number of photoelectrons produced
by a PMT photocathode to the number of soft x-ray or VUV
“Present address: Princeton Plasma Physics Laboratory, Princeton, NJ; elgshotons incident on the phosphor. To understand and opti-
tronic mail: viad@pppl.gov . L.
Ypresent address: Laboratory for Laser Energetics, University of Rocheste'm'ze the detector performance, several quantities must be
Rochester, NY. measured independently and accurately, namely, the phos-

9Present address: Lawrence Livermore National Laboratory, Livermorephor conversion efficiency the PMT efficiency in the spec-
CA. '

9permanent address: Racah Institute of Physics, Hebrew University, Jerus‘.é{-aI range of phOSph_()r emlssmn_, the el_eCtron'C gain of the
lem, Israel. PMT, and the relay incoherent fiber-optic bundle losses. In




phor is mounted on a glass window in the vacuum. The XUV
version of this detector contains ultraviol&tV) and visible

light blocking metal foil filters with the bandpass window

v . tailored for the XUV spectral region of interest. The VUV
Shielded 14 | detector is used for monochromatic emission measurements
nbefgﬁbugé'e, _ 98 | ] b and does not have foil filters. The utilization of the fiber optic

link between the phosphor and the PMT is shown in Fig) 2
for the configuration defined as C2, with all components in
the vacuum. Small F-number relay optics are not used to
couple the visible light into the fiber-optic bundle, since they
cannot be integrated with the compact design of our diagnos-
tics due to mechanical constraints. In the event that the PMT
FIG. 1. Extreme ultraviolet multilayer mirror monochromator mounted on iS located in the atmosphere as shown in Fig),2a vacuum
the inertor shelf of the Alcator C-Mod tokamak at MIT Plasma Science andwindow consisting of a fused coherent fiber-optic faceplate
Fusion Center. provides the optical coupling of the vacuum side fiber with
the atmosphere side fiber. This configuration is defined as
our previous work, the conversion efficiency of several or-C3. It has been used in the XUV monochromator shown in
ganic and inorganic phosphors were repoft¢iThe P45  Fig. 1. The incoherent fiber optic bundles used are 3 m long
(Y20,S:Tb) phosphor and a PMT with a multialkali photo- and have circular cross sectioridiameter d=4.83 mm).
cathode was found to be an efficient detector in the rang&ach bundle consists of 331 individual fibers having a silica
between 5 and 200 A. In this article, we report the improvedcore (diameterd=200u.m), a silica cladding (20@m<d
P45/bialkali PMT conversion efficiency measurements for<210um), and a polyimide coating (240m<d
soft x-ray and XUV photons, and, for the first time, for emis- <230,m), and is encased in a Teflppolytetrafluoroethyl-

sion in the range between 300 and 2500 A. ene (PTFB] convolex with stainless steel ferrules on each
end. The numerical apertutBlA) of the silica/silica fiber is
Il. DETECTOR DESIGN 0.22. The total silica core area of all the 331 fibers comprises

] ) - 57% of the cross-sectional area of the fiber bundle. The fiber-

Three configurations of the phosphor/PMT and the 0pt|-0pﬁC bundles were produced by Meteor Optics, Inc. Two
cal couplings between them are examined in this articletypeS of PMTs were used in this study: a Hamamatsu model
Shown in Fig. 2a) is a conceptual drawing of the XUV and R1213 with a bialkali photocathode, and a Hamamatsu
VUV detectors used in the instruments described in Refs. 4y04e| R1464 with a multialkali photocathode. The beryllium
6, and 7, respectively. This setup is defined hereafter as Chong.A-thick foil filter and the aluminum 1000-A-thick foil
The head-on PMT is located in the atmosphere and the phogiier have a measured visible transmission of 20~ °.% The
P45 (Y,0,S:Tb) phosphor used in this work is manufactured
by Thomson Electronics, Inc. The surface density is 1.5
mg/cnf and it was deposited on a glass substrate by the

Vacuum | Air

a
) o =—mm *n sedimentation method.
UV and Visible Filter -~ /
P4s Ill. DETECTOR EFFICIENCY MEASUREMENTS
b) Xuv Th H H H
hoton e CE measurements reported in this article were per-
P l- [T~ . formed using the experimental technique outlined in Ref. 10.
7 \ PMT The accuracy of the measurement depends upon the accuracy
e P e of the PMT electronic gain measurement and the absolute
photometric calibration of the reference detector. A gas flow
c) proportional countef GFPQ with a VYNS window was
oy "“:-'L Fiber optic bundle used as the reference detector for the measurements in the
T XUV range. It was operated with P-50 gé&0% argon/50%
Fitter methang for the 8.34, 9.89, 23.6, and 44.7 A calibrations,

Vacuum

/ . Air

and with propane for the 160 A calibration. The GFPC effi-
ciency was calculated using the measured transmissions of
the VYNS window and gas absorption coefficients using
Henke’s low-energy x-ray interaction coefficiedtsThe data
Fiber optic bundle are summarized in Table I. The setup for the VUV measure-
PMT ments included a light source, a double monochromator, an
G 2 Th —_— the ohosohor based det Hosohor! absolutely calibrated detector, and the P45/PMT combina-
e e o bt o s aevae, llon. A Penning reflex: discharge operated with hefum and

fined as C2 and (c) phosphor/incoherent fiber-optic bundleffused fiber- argon buffer gases and_carbon_, qluminum, and copper cath-
optic faceplate/incoherent fiber-optic bundle/PNtEfined as CB odes, was used as a line radiation source in the range of

Fiber opticOfaceplate




TABLE I. Gas flow proportional counter parameters. 2 T T ™]
Calculated Measured Efficiency of [ O ras/par Ri213 (blakiol) %’ ]
Wavelength absorption  transmission XUV reference T O pas/PuT Ri4s4 (muiolkat) L 7
A Gas of gas  of VYNS window detector i % 8
T -
8.34 P50 0.45 0.58 0.26 £ g ]
9.89 P50 0.62 0.57 0.35 oo ”
23.6 P50 1.00 0.38 0.38 1 ]
447 P50 1.00 0.27 0.27 §°r R
160 Propane 1.00 0.127 0.127 [ g L
¥
L . ]
[ s
b /,igi 1
100-2500 A. A double monochromator used to isolate the R . X L]

1000 1500
Photon Energy (e¥)

wavelength of interest comprised two 0.25 m Minuteman
302 monochromaiors connected in series. A National Instli:IG. 4. Conversion efficiencies of the P45/PMT combination for a multial-
tu_t? of StandarFis and Technology standard transfer detem%li and a bialkali photocathode in the soft x-ray and XUV ranges.
(silicon photodiodg was used for absolute VUV photon
measurements. . . . . ashed lines, within 25% with the measurement of
The electronic gain is defined as a ratio of the number o amamatsu
photoelectrons flowing from the photocathode to the number Shown i'n Fio. 4 are the CE measurements obtained in
of electrons flowing through the anode of the PMT. Both the n Hg. . . . . .
hotocathode and the anode currents are measured. A K the C1 configuration with a bialkali and a multialkali PMTs.
b : . o ) he relevant experimental data is listed in Table Il. The use
thley Model 428 high gain current amplifier was used for the f a PMT with a bialkali photocathode instead of a multial-
sensitive photocurrent measurements. A controlled soliti

. . . ali one increases the CE by a factor of 1.25.
angle geometrical factor was introduced during the anode . - "
. . . : Sodium salicilate and-terphenyl are traditionally used
current measurement in order to remain in the linear gain

regime. The P45 phosphor irradiated with either9.89 A in VUV phosphor-based detectorsiowever, the properties

or \=44.7 A monochromatic light was used as a source on organic phosphors are incompatible with the UHV re-

visible emission. A Hamamatsu E974-13 D-type socket Waquiremepts of th? magnetically confined fusion plasma} facili-
used as the voltage divider for the anode measurements; anlgS and inorganic phosphors remain the only alternative. CE

. measurements in the VUV range have been performed for
a voltage of—1500 V (—1000 V) was applied across the . . .
divider of the bialkali(multialkali) PMT. In order to collect the P45 phosphor and a PMT with a bialkali photocathode.

. Each point in Fig. 5 is an average of three to five measure-
the photoelectrons ejected from the photocathode a VOItagr%ents of the CE at various reflex discharge light intensities

of —200 V (—135 V) was applied between the photocathode . . . )
and the first dynode stage for the bialkafiultialkali PMT, ~ CPtained by varying the discharge current. The VUV CE val
es are normalized to74 (cf. 277, as previously defingd

A comparison of our PMT gain meas_urements with those o he VUV flux densities incident on the reference detector
the manufacturer is presented in Fig. 3. The Hamamatsu

. ; i vgere on the order of ¥(hotons/s. The P45/PMT conver-
company measured the PMT gain using a tungsten f|IamenS|0n efficiency is variable across the VUV range, with a local
lamp operated at 2856 K. The majority of our PMT gain Y g¢

measurements lie within the region enclosed by the tW(Peak at 1550 A and several absorption edges around 2000 A.

A. Efficiency of fiber-optic signal extraction line

s T ' ' ' ' The sensitivity of the detector is dependent on the losses
E in the optical relay channel between the phosphor and PMT
SF 3 and the quantum efficiendf@E) of the PMT’s photocathode

to the scintillated visible photons. In the forwarer 2lirec-

TABLE Il. Measured parameters of PMT/P45 experiment.

PMT gain (x 10%) measured with P45 fight

sF 3
+ PMT XUV photons/s PMT Measured
N3 b E Wavelength photocathode incident on  photocurrent conversion
4 ] material P45 phosphor (nA) efficiency
t ¢ 1
N 3 8.34 Bialkali 1.56x 10 27.2 22.3
: ® ] 9.89 Bialkali 8.40x 10° 12.0 18.1
E 23.6 Bialkali 1.73x 10° 1.01 7.4
° ” . 3 " . . 44.7 Bialkali 4.04x 16° 1.31 4.1
PMT goin {x 10%) measured with tungsten lomp 160 Bialkali 1.16x 10° 4.36 0.45
8.34 Multialkali 1.55x 10* 13.0 17.2
FIG. 3. Measured electronic gain of PMT using visible light from the P45 9.89 Multialkali 8.60% 1C° 5.81 14.0
phosphor vs the gain measured by Hamamatsu using a tungsten lamp. Mea- 23.6 Multialkali 1.86x 10° 0.54 6.0
surements made with carbdfie emission at 44.7 A are represented by 44.7 Multialkali 3.32x 1¢° 0.59 3.6
circles, and magnesiukia at 9.89 A with diamonds. Dashed lines indicate 160 Multialkali 1.03x 10° 1.78 0.36

+25% deviation.
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tion, the PMT in C1 collects 45% of the scintillated visible o : : ‘3? 2 - !
photons from the phosphor. In C2 and C3, the amount of radius of XUV beam incident on phosphar (mm)

visible scintillated light collected by the incoherent fiber- _ _ _ _ _
Optlc bundle is dependent on the NA of the silica/silica fIbeI’,FIG 6. Rgtlo of the est!mated signals of dete-CtC‘)r configurations C1 and C2
) . . as a function of the radius of the XUV beam incident on the P45 phosphor:
and the _d|5tance between the ﬂber'Op_t'? bundle an_d the phogy the ray tracing code used to estimate the measured signal in the C2
phor. Aside from the photocathode efficiency, the signal meaassumed a numerical apertui®A) of 0.22 and the distance between the
sured by the PMT in C2 relies solely on the visible photonE’tS‘JtiPhOr and tTe If“:?f was Vafiedfffom(?-flocmzm to O-ffhm’f\lnAtOf%lf‘lmm’
- ~ . . f € Ssame calculations were performed ror excep e or 0. was
throughput of the fiber-optic bundle; howgv_er, the S|gnalassumed_ Open circles represent measured results,
measured by C3 also depends upon the efficiency of the op-
tical coupling between the vacuum fiber-optic bundle and thq:. . .
. . . : igs. 8a) and 8b) reveals that if the spacing between the
atmosphere fiber-optic bundle at the fused fiber-optic face; gs. 6a) Gb) P 9

! L " - “fiber and the phosphor is optimized, C2 will collect four

plate. Flux calculations of visible scintillated photons emit- . . s : .
) . times more scintillated visible light with the larger NA. The
ted by the phosphor and collected by detector configurations . -
. . measured ratiofC1/C2 in Fig. 6(a) are represented by the
C1 and C2 were performed. The estimated signal of C2 re- . o .
lied on the use of a rav tracing code. The estimated sianals (%pen circles for the four incident beam sizes that were evalu-
Y 9 : 9 ted. The coupling of light in the cladding material, which

C1 and C2 were compared in order to evaluate the impac . . . . S
that the fiber-optic counling has on the detector performanca’2S not considered in the ray tracing calculations, is likely to
P pling P %e the reason for the measured ratio being lower than the

The ratio qf thg estimated S|g-n34§1 S|gna|/Q2 signalis calculated ratio. The measured ratios of C1/C3 were evalu-
presented in Fig. 6 as a function of the radius of the XUV ) N
L . ted for the four beam sizes presented in Fig).6The op-
beam incident on the phosphor. A numerical aperture of 0.2 ; - . .
was assumed in the calculations presented in ig), @nd ical coupling of the visible scintillated light from the
P N vacuum fiber to the atmosphere fiber at the fused fiber-optic

the distance between the phosphor and fiber-optic IOundl\‘?’:lceplate introduced an additional loss of a factor of 6.7;

was varied from 0.10 to 0.43 to 3.18 mm. The value_of o'10therefore, the ratio of C1/C3 is about 100. Additional light
mm corresponds to the case where the phosphor is coat?d

. . . ) 0ss experiments revealed that the fiber-optic faceplate used
directly on the fiber-optic bundle; 0.43 mm corresponds tO|n C3 transmitted 48.5% of the visible scintillated light, and

the case where the cone angle of the NA equals the CoNfe atmosphere fiber-optic bundle used in C3 relayed 31.9%

angle of the solid angle that each of the 331 individual fibers o L .
subtends: and 3.18 mm corresponds to phosphor substra?(fathe visible scintillated light from the faceplate to the PMT.

thickness used in this study. An examination of the thre

cases for XUV beam size with radii less than 2 mm revealzv' DISCUSSION

that the most scintillated light is collected when the distance  The design and photometric calibration of a detector
between the phosphor and the fiber optic bundle is 0.43 mmonsisting of a P45 phosphor, two incoherent silica/silica
(C1/C2=7.5). According to the flux calculations, if the phos- fiber-optic bundles coupled with a vacuum feedthrough fiber-
phor substrate thickness is reduced from 3.18 to 0.43 mm theptic faceplate, and a PMT is reported. The silica/silica fiber
sensitivity of C2 increases by a factor of 3. As shown in Fig.was chosen in order to satisfy thermal and radiation hardness
6(a), decreasing the distance to 0.10 mm decreases thequirements of the tokamak environméfit*Although the
amount of light collected by the fiber-optic bundle; therefore,fiber-optic bundle provides the necessary flexibility required
it is not advantageous to coat the phosphor directly on théo position the spectroscopic diagnostic in close proximity to
fiber-optic bundle. In Fig. @) the ratio of C1/C2 was evalu- the tokamak plasma, the losses sustained by coupling the
ated with the NA of the fiber-optic bundle in C2 equal to visible scintillated light from the phosphor to the PMT are
0.44 instead of 0.22. With the larger NA in Fig(bp the  substantial. The detector configuration C3 could be opti-
optimal spacing between the phosphor and the fiber-optimized by reducing the phosphor substrate thickness from
bundle is 0.22 mm instead of 0.43 mm. A comparison 0f3.18 to 0.43 mm. This would reduce the ratio, C1/C3, from



100 to 33. In detector configuration C3, if the atmosphereers, the P46 (YAlsO;5:Ce) and P47 (¥SiOs:Ce) phos-
incoherent fiber-optic bundle were eliminated and the PMTphors have been shown to have adequate intrinsic efficiency
were mounted directly on the fused fiber-optic faceplate ofand a time response ef=0.1 us, much faster than the P45
the vacuum feedthrough, C1/C3 could be further reduced t@me response of<1 ms!®-%?

11. The effects of the electronic gain and photocathode ma-
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